Here, we investigate the hypothesis that the origin of Class I fragmentation in tryptic peptide dications corresponding to the cleavage of the first two amino acids from the N-terminus is due to a dominant charge solvation pattern. Molecular dynamics simulations (MDS) of model A n R dications confirmed the existence of a persistent solvation of the protonated N-terminus on the second backbone carbonyl. Additionally, MDS predicted a new distinct fragmentation class corresponding to the loss of two amino acids from the C-terminus. This prediction was confirmed experimentally at very low excitation levels. The pattern produced by electron transfer dissociation of the same dications gave markedly decreased cleavage frequencies at the second peptide bond, which, within the non-local fragmentation mechanism, supports the preferential charge solvation on the second carbonyl. Taken together, these results confirm the role of a charge solvation pattern in the origin of fragmentation classes.
Introduction
F ragmentation of peptide polycations is an important step in today's shotgun proteomics. Peptide bond cleavage in activated peptide dications leads to formation of sequence-informative b n + /y l-n + ion pairs (l is the peptide length in residues). Understanding the mechanism of peptide bond cleavage is key for improving the efficiency and reliability of peptide sequencing. After more than two decades of studying the fragmentation mechanism in collision-activated dissociation (CAD) [1] , several important issues still remain unresolved. A prominent example is the origin of two statistical groups in the fragmentation patterns of tryptic peptide dications [2] . Predominant cleavage after the second N-terminal residue yielding a b 2 + /y l-2 + ion pair, the most frequent outcome for tryptic peptide dications is known as Class I behavior. A broad cleavage frequency distribution peaking at the fourth or fifth peptide bond is referred to as Class II fragmentation [2] . The knowledge of different fragmentation classes is important for creating algorithms predicting fragment abundances. But what is the reason for the emergence of the two classes? This question still awaits a definite answer.
Among the first who pointed out that the mechanism of the amide bond cleavage after the second N-terminal residue might differ significantly from that of other peptide bonds were Paizs and Suhai in their highly cited 2005 review [3] . A significant fraction of that work is devoted to detailed description of the "diketopiperazine pathway," the term introduced by the same authors in 2001 [4] . In that pathway, the loss of two neutral amino acids from the N-terminus was initiated by protoninduced trans-to-cis isomerization of the N-terminal amide bond, a process found to be energetically quite feasible but likely kinetically controlled [4] . Such isomerization facilitates the formation of a cyclic-symmetric diketopiperazine structure suggested for neutral b 2 species as early as 1993 [5] . The authors avoided calculating the rate of diketopiperazine formation, admitting that "the quality of the applied theoretical model was not good enough for quantitative predictions" [3] .
In 2008, Savitski et al. demonstrated for the first time the dominance of b 2 /y l-2 fragmentation by statistical analysis of 915,000 high-resolution mass spectra of tryptic peptide dications [2] . Continuing the line of reasoning of previous investigators, they suggested a different structure of b 2 ions compared with larger b ions. Since the dominant paradigm at the time for b-ion structure was protonated oxazolone [6] [7] [8] , Savitski et al. have evoked for Class I fragmentation the diketopiperazine pathway, albeit modified for the ionic case [2] . Subsequent studies by several groups revealed cases of b 2 + ions being preferentially oxazolones [9] [10] [11] , as well as diketopiperazines [12] . Although diketopiperazine ionic structures are almost universally found to be more thermodynamically stable than oxazolones [9] [10] [11] [12] , the evidence supporting the diketopiperazine hypothesis of Class I fragmentation is currently mixed at best. It is worthwhile noting that the critics of the diketopiperazine hypothesis have so far refrained from advancing their own explanation for the fragmentation class emergence.
Another explanation (not necessarily alternative to the previous one) advanced by Savitski et al. in 2006 [13] emphasizes the importance of the charge solvation pattern. A peptide's gas-phase secondary structure arising due to noncovalent bonding, where charge solvation is the strongest of interactions, has long been known to affect peptide fragmentation [14, 15] . Based on statistical evidence, an Nterminal loop structure has been suggested in gas-phase tryptic peptide dications formed by solvation of the protonated N-terminus on backbone carbonyls [13] . It was proposed that the size of this structure is independent upon the peptide length for l≥7, and predicted that the most frequent solvation site might be the second carbonyl. It has been shown that the frequency of charge solvation strongly correlates with that bond's fragmentation frequency in CAD [16] . Therefore, frequent charge solvation on the second carbonyl could statistically explain the dominant fragmentation after the second N-terminal residue.
Within the generally accepted mobile proton model [17] [18] [19] , a proton's release from its primary solvation location initiates its drift along the backbone carbonyls (or, more accurately, the drift of the proton's solvation point). Once the proton becomes mobilized, its original position becomes unimportant for fragmentation. The most statistically probable position of a drifting proton is near the center of the polypeptide chain, with a broad distribution of almost as likely positions around that maximum. Class II fragmentation closely corresponds to this picture [2] . However, at lower excitation levels, when the proton could only move a few steps upon mobilization, the most probable proton position remains at the original charge solvation site, with the density distribution decaying with the distance from it. Thus, if the N-terminal proton is preferentially solvated on the second carbonyl, then at low CAD excitations a fragmentation pattern should emerge resembling that of Class I fragmentation [2] .
To test this prediction and, thus, the whole classemergence hypothesis, molecular dynamics simulations (MDS) were performed on dications of model peptides A n R (n=7-9) and compared with MS/MS results. The homogeneous poly-Ala sequence was chosen to avoid the effect of different amino acid residues on fragmentation dynamics. In a study by Harrison [20] , non-tryptic A n H dications showed strong size dependence, with smaller sequences preferring Class I and larger sequences preferring Class II fragmentation. Recently, Harrison studied the effect of amino acid substitution in dications of the seven-residue tryptic peptide A-A-X-X-A-A-A-R [21] . Another reason for choosing Ala-based sequences was that polyalanine peptides have been extensively studied by MDS, and that the early MDS results indicated the presence of an N-terminal, chargestabilized loop structure [22] . In our MDS, the proton was immobilized on the N-terminus. However, it was mobile in the sense that as a part of the protonated amine it could move from a carbonyl to a carbonyl, just as in the mobile proton model.
Experimental
A n R peptides were synthesized in-house with a ResPep peptide synthesizer (Intavis Bioanalytical Instruments, Cologne, Germany), and then dissolved in a solution of 50 % methanol and 0.1 % formic acid to a concentration of 1 μg/μL. The peptides were electrosprayed from a metalized pulled glass capillary (Thermo Fisher, CA, USA). MS/MS experiments were performed on an Orbitrap Velos mass spectrometer (Thermo Fisher, CA, USA). In the CAD regime, fragmentation was performed in the linear ion trap (LTQ) through collisions with helium; in higher energy collisional dissociation (HCD), in the "C-trap," through collisions with nitrogen [23] . Electron-transfer dissociation (ETD) was performed in the LTQ [24, 25] . In all cases, the fragment ions were detected in the high-resolution Orbitrap analyzer at R=60,000.
As in our previous studies [26] [27] [28] , MDS considered uninterrupted time evolution of polypeptide chains with rotating chemical bonds (no vibration). All peptide bonds were considered in trans-configuration; trans-cis isomerization was not modeled.
Linear peptides A 7 R, A 8 R, and A 9 R were generated using PyMOL and imported into the GROMACS simulation suite [29, 30] . The OPLS/AA force field was used for all simulations [31, 32] . Replica exchange molecular dynamics (REMD) simulations [33] were performed at eight temperature points (300, 342, 388, 440, 497, 561, 631, 710 K, respectively) which were predicted to lead to an approximate exchange probability of 0.3 [34] , leading to an average of 50 ps between exchanges. The simulations were each run six times for 100 ns with different starting conditions to check for reproducibility. For such small peptides, REMD will produce very good conformational sampling in such a time period. A hydrogen bonding analysis was performed to determine the correlation between bonding of the N-terminus and the Arg side chain to the carbonyl oxygens. For this analysis, a geometric criterion of H-bonding was used, where the donor-acceptor distance should be G0.35 nm, and the hydrogen-donor-acceptor angle G30°.
The probability maps of charge solvation on every backbone carbonyl were obtained by counting the number of time frames when a charged hydrogen bond existed between the protonated site (either the N-terminus or Arg side chain) and the backbone carbonyls [26] .
Results and Discussion
The results of CAD fragmentation (20 eV; 30 ms) of the peptides with seven, eight, and nine alanine residues are shown in Figure 1 . A 7 R showed dominant Class I behavior with b 2 /y l-2 fragments having the highest abundance. The two larger molecules gave a mixed mass spectrum, with A 9 R producing a dominant Class II fragmentation pattern, and A 8 R, an intermediate result. HCD at 10 eV ( Figure 2 ) gave a similar fragmentation pattern, with somewhat more pronounced Class I behavior. The new feature in HCD compared withi CAD was the presence of doubly charged y-ions corresponding to preferential losses of two neutral amino acids from the N-terminus. According to the diketopiperazine pathway by Paizs and Suhai, such neutral losses could occur through formation of neutral diketopiperazine [3] . The formation of a cyclic structure at higher excitation energy is consistent with the recent finding that the sequence scrambling in b ions [35] , which is due to cyclization [36] , is more frequent in HCD than in CAD, albeit still occurring with a low probability [37] . Since for sequence scrambling to be detected by mass spectrometry, cyclization of the peptide linear chain must be followed by an additional fragmentation of two peptide bonds, cycle formation per se must be a much more common phenomenon than the detected sequence scrambling.
The CAD and HCD results were compared with the probability maps of charge solvation presented in Figure 3 . These maps contain a nearly "empty" diagonal, which is due to the low chance of simultaneous solvation of both protons on the same carbonyl. Zero indices, corresponding to a free (unsolvated) protonated group, are also largely empty, indicating that some kind of charge solvation on backbone carbonyls is almost always present. There is, however, no dominant gas-phase structure in A n R dications, which would be characterized by a well-defined preferred solvation position of both protons. Instead, there seems to be a large collection of inter-converting structures. However, these structures are not totally random; there exist persistent solvation patterns, each pattern representing a distinct area on the solvation density map.
In the high-probability density pattern A, the sites of preferred N-terminal proton solvation are two or, with lower probability, three residues away from the N-terminus regardless of the peptide length. This pattern matches the prediction made [13] , and may account for the facile cleavage of the second peptide bond to produce high- + ions. However, the link between the preferred charge solvation on a backbone carbonyl and the probability of cleavage after that carbonyl, although well-established statistically (vide infra), is an indirect one because it does not take into consideration the mechanism of proton transfer from the carbonyl to the amide nitrogen. Such transfer is necessary for the amide bond cleavage because only nitrogen protonation makes the peptide bond weaker, while carbonyl protonation strengthens it [38] . Thus, an additional test of the relevance of the MDS-predicted charge solvation pattern and collisional fragmentation is highly desired. The second region of high probability density in Figure 3 (pattern B) corresponding to the preferred N-terminal proton solvation on the carbonyls at positions (l-2) and (l-3) provides such a test.
Since there is no known fragmentation trend corresponding to this solvation pattern, we examined the whole experimentally available range of CAD excitations. After lowering the excitation to very small levels while simultaneously extending CAD duration to 400 ms, a new, very distinct fragmentation pathway (Class III) emerged with the C-terminal loss of two amino acids in A 8 R and A 9 R dications (Figure 4 ). This finding confirmed the MDS prediction provided by pattern B (Figure 3 ) and, thus, added credibility that the pattern A is related to Class I fragmentation.
At higher levels and shorter excitation times, the Class III behavior disappeared, being replaced by Class I and II fragmentation (Figure 1 ). Unlike Class I and III that directly follow from the MDS predictions, Class II behavior is not apparent from the probability maps in Figure 3 for larger Figure 5 . HCD fragmentation of the singly charged peptides with seven, eight, and nine alanine residues Figure 6 . ETD fragmentation of peptide dications with seven, eight, and nine alanine residues;*in A 8 R indicates m/z of the fragment z 4 overlaps with precursor peptides, and it must arise from the destruction of both Nand C-terminal charge-solvation patterns A and B and the onset of proton mobility (vide infra).
Simulating free proton transfer with MDS was beyond the scope of the current study. Here we just notice that due to the lesser basicity of the N-terminal amine compared to Arg guanidinium, the origin of the mobilized proton would conventionally be assigned to the N-terminus. However, mobilization of the Arg proton is also a possibility: CAD (we only have HCD data) of 1 + ions of model peptides gave Class II fragmentation dominated by b k + ions peaking for at k=4-6 ( Figure 5 ). Comparison of CAD and ETD results in Figure 6 reveals opposite trends in relation to the cleavage frequency of the second peptide bond. While in CAD this cleavage is enhanced, in ETD it is suppressed. Accepting the above explanation linking the enhanced abundance of b 2 + ions to the preferred charge solvation on the second carbonyl, we conclude that such solvation negatively correlates with the probability of bond cleavage in ETD. Qualitatively similar results (anti-correlation between charge solvation and ECD cleavage frequencies) have previously been obtained in MDS of a set of 20-residue peptides [26] . Within the framework of the "non-local" ECD/ETD mechanism in which the bond cleavage occurs at a distant site compared with the residing charge [26] , this result confirms the MDS-predicted dominance of charge solvation on the second carbonyl.
Conclusions
Even for homogeneous sequences, fragmentation behavior of tryptic peptide dications is a complex phenomenon that is determined by statistical patterns of charge solvation on and drifting along the backbone carbonyls. The existence of an N-terminal persistent (in a statistical sense) charge-solvation structure was confirmed. This strengthens the model [13] in which this structure, now understood as a charge-solvation pattern, is the origin of Class I fragmentation. The results of the current work once again prove that MDS can correctly predict the proton location distribution and, thus, fragmentation behavior of a peptide. The issue of the exact structure of b 2 + ions remains outside the scope of this model.
